Those patients who presented a thyroid incidentaloma described in the medical records and performed a fine needle aspiration in our institution were considered for the analysis. Cytological and/or histological results were used as reference standard to define the final diagnosis. In case of negative cytology, the nodule was considered benign. In case of non-diagnostic or inconclusive results ultrasound, follow-up and further cytology/histology were used as final diagnosis. For suspected or positive cytological result, histology was used as reference standard. PET images were segmented using a General Electric AW workstation running PET VCAR software (GE Healthcare, Waukesha, WI, USA) settled with a threshold of 40% SUV max . LifeX software (http://www.lifexsoft.org) was used to perform texture analysis. Statistical analysis was performed with R package (https://www.r-project.org).
Background
Incidentalomas are findings on an imaging test performed for other reasons, for which there are no matching symptoms in the patient (Davies et al. 2016) . Published reports estimated the prevalence of thyroid incidentalomas on [
18 F]FDG-PET images between 1.2% and 4.3% (Rigo et al. 1996; Mitchell and Parangi 2005; Liu et al. 2010) . These data are in line with a recent meta-analysis which reported a prevalence of thyroid incidentalomas of 1.8% (3659 cases out of 197,296 [ 18 F]FDG-PET/CT examinations), of which a third (36.6%) were evaluated with cytopathology or histopathology (Nayan et al. 2014) . Although the overall incidence of thyroid incidentalomas detected on PET imaging is low, the chance of malignancy among incidentalomas detected by [ 18 F]FDG is higher than incidental nodules discovered with other imaging modalities, with a chance for malignancy ranging from 14 to 59% (Gavriel et al. 2015; Lee et al. 2014; Demir et al. 2016; Chun et al. 2015; Are et al. 2007; Pagano et al. 2011; Cohen et al. 2001; Nilsson et al. 2011) . Nonetheless, we have a limited understanding of the incidentaloma natural history (Davies et al. 2016) . Therefore, the differentiation between malignant and benign thyroid lesions is crucial to avoid unnecessary procedures, to improve the quality of life of patients, and to reduce healthcare costs. Many researchers postulated that malignant lesions tend to show higher [ 18 F]FDG uptake (i.e., SUV max ) than that of benign lesions (Soelberg et al. 2012) . However, it is not easy to differentiate malignancy from benignity using maximum standardized uptake value (SUV max ) only (Demir et al. 2016; Chun et al. 2015) . Some authors proposed the evaluation of other parameters in addition to SUV max of the thyroid incidentaloma, such as the target/background, the target/blood-pool, and the target/liver ratios (Barrio et al. 2016) . Also the pattern of [ 18 F]FDG uptake (focal versus diffuse) together with the elastography score (≥ 4) and some ultrasound findings (echogenicity, spot microcalcifications, color-flow Doppler pattern) have been tested (Demir et al. 2016) . Dual time point PET imaging has been proposed as alternative method to overcome the low specificity of SUV max in the differentiation of benign from malignant lesions, including thyroid incidentalomas (Lee et al. 2014) . However, all these approaches were not validated and, they are not generally accepted. Therefore, fine-needle aspiration (FNA) remains the procedure of choice to define the diagnosis. If the nodule is benign on cytology, further immediate diagnostic studies or treatment are not required; while if cytology results diagnostic for malignancy, surgery is generally recommended. For a nodule with a non-diagnostic cytology result, FNA should be repeated (Haugen et al. 2016 ).
In the past years, interest has grown in texture analysis of medical images that provide numerous quantitative and semi-quantitative parameters capturing the inhomogeneity of the tissues. This analysis seems able to provide a better characterization of cancer lesions, and some prognostic information about the aggressiveness of disease using conventional medical imaging . No data on [ 18 F]FDG-PET/CT images texture analysis in thyroid have been reported in the literature, with the exception of Kim et al. (Kim and Chang 2015) . They evaluated some parameters, including a feature named "heterogeneity factor", derived from the histogram of intensities of uptake within the lesion, in patients with a thyroid nodule (Kim and Chang 2015) .
The aim of this study was to investigate the ability of texture analysis on [ 18 F]FDG-PET/CT to predict final diagnosis in thyroid incidentalomas. (Fadda et al. 2010 ). All cytological results reported according the update version of the SIAPEC-IAP 2014 classification (Nardi et al. 2014) , were reclassified for the present analysis using the SIAPEC-IAC 2007 classification. Cytology and/or histology was used as reference standard to define the final diagnosis. In case of negative cytology (TIR2), no further studies were immediately performed, and the nodule was considered benign. In case of non-diagnostic (TIR1) or doubtful (TIR3) results, ultrasound follow-up and further cytological samples or histology were used as final diagnosis. In the case of suspected (TIR4) or positive (TIR5) cytological result, histology was used as reference standard. All cases resulted as TIR1 (n = 1) or TIR3 (n = 4) in which a further cytology/histology was not available (3 patients lost at follow-up and 2 patients had progressive disease for breast cancer and multiple myeloma, respectively), were excluded from the analysis, therefore 50 patients (male:female = 18:32; age 63 ± 15 years) were overall included. This retrospective observational study was reviewed and approved by the Local Ethics Committee. (Boellaard et al. 2014 described as unilateral (i.e., occurred in less than one lobe) and bilateral (i.e., involving both thyroid lobes) according to the thyroid uptake pattern. PET images were segmented using a General Electric AW workstation running PET VCAR software (GE Healthcare, Waukesha, WI, USA) settled with a threshold of 40% SUV max . The region of interest (ROI), set in the target tissue (i.e., incidentaloma), was saved in 3D. Segmented images were saved in DICOM-RT format together with the corresponding [ 18 F]FDG-PET/CT images. The entire dataset was then analyzed to extract a number of textural features by means of the LifeX package (http://www.lifexsoft.org) (Orlhac et al. 2016) . LifeX was set up using the following input parameters for calculation of features: 64 Gy levels to resample the ROI content which was performed in absolute terms between a minimum of 0 and a maximum of 20 . A total of 43 features were extracted from the analysis of the volumes inspected. These indices included conventional parameters, shape and size features, histogram-based features, second and high order-based features. The correction for the partial volume effect was not applied. In the analysis were included all incidentalomas, irrespectively of their volume but LifeX calculates the shape and size indices as well as second order (gray-level co-occurrence matrix) and high order-based (neighborhood gray-level different matrix, gray-level runlength matrix, and gray-level zone-length matrix) features only for ROI of at least 64 voxels due to technical reasons. The features calculated are summarized in Table 1 . For the features resulted significant, the formula is provided.
Methods

Patients
Statistical analysis
Statistical analysis was performed using the open source R platform (https://www.rproject.org). Continuous normally distributed data were expressed as mean ± standard deviation. Conventional PET parameters and textural features were compared to SIAPEC-IAP categories and final diagnosis, using the Anova test. A p-value < 0.05 was considered statistically significant.
Receiver operating characteristic (ROC) curves for each parameter were determined and the corresponding area under the curve (AUC) computed for each of those. A preliminary selection of the predictors was computed excluding those with an AUC < 0.55. The mutual correlation between features was evaluated for those metrics, preliminarily selected, in order to assess potential result redundancy.
Among the pre-selected predictors, a further analysis was performed to identify those with statistically significant (or with a tendency to significance) capability to stratify 
where a is the inverse of the total number of voxels in the volume of interest and mean is the average of the intensity values in the histogram. The sum is extended to all voxels in the volume of interest.
Conventional parameters SUV minimum, SUV maximum, SUVmean and SUVstandard deviation, SUVpeak within a sphere of 0.5 and 1 ml volume (mL) Total lesion glycolysis (TLG) SUV max maximum of the standardized uptake value in the volume of interest SUV std standard deviation of the SUV distribution in the volume of interest MTV the metabolic tumor volume was determined as the total number of voxels with SUV > 40% TLG is defined as the product of SUV mean times the volume
The gray-level co-occurrence matrix (GLCM) was calculated from 13 different directions in 3D with a 1-voxel distance relationship between consecutive voxels The neighborhood gray-level different matrix (NGLDM) corresponds to the difference of gray level between one voxel and its 26 neighborhoods in 3 dimensions The gray-level run-length matrix (GLRLM) gives the size of homogeneous runs for each gray level. This matrix is computed in 13 different directions in 3 dimensions The gray-level zone-length matrix (GLZLM) provides information on the size of homogeneous zones for each gray level in 3 dimensions Histogram represents the gray level distribution within the volume of interest Skewness -measure of the asymmetry of the distribution, kurtosis -measuring weather the distribution is peaked or flat relative to a normal distribution, Entropy Hist -randomness of the distribution, Energy Hist -uniformity of the distribution between positive (malignant) and negative (benign) cases. The dichotomization was performed by means of an iterative process aiming to identify the predictor's threshold minimizing the p-value of the Fisher's test. The final predictors were selected if p < 0.08. For each predictor in the final list, the truth table (true and false positive and negative values) was determined at the optimal cutoff value and from this the standard predictive scores were computed. Table 2 summarizes the descriptive characteristics of the cohort of the patients included in the analysis.
Results
FNA was non-diagnostic in 2 cases, negative in 26 cases, doubtful in 7 cases, suspected in 4 cases, and positive for malignant tumor cells in 11 cases. Patients classified as TIR1, repeated the FNA which resulted negative (TIR2) in both cases. Therefore, considering the re-classification of TIR1 cases, the number of patients belonging to the TIR2 category increased overall to 28. Among the TIR3 cases, 3 were positive and 4 were negative (follicular adenoma = 2, oxyphil cell adenoma = 1, and colloid cystic goiter = 1); while all TIR4 or TIR5 were proven to be malignant. Nodules resulted malignant (n = 18) included 15 thyroid cancers (papillary thyroid cancer = 13, poor differentiated thyroid cancer n = 1, medullary thyroid cancer = 1), 2 metastases from bladder cancer and breast cancer respectively, and 1 lymphoma.
Biochemical data are summarized in Table 3 . Thyroid stimulating hormone (TSH) resulted lower than the low normal limit (< 0.25 mIU/L) in 5 cases (3 benign and 2 malignant). High TSH value (> 4.2 mIU/L, i.e., higher than the upper normal limit) was observed in 4 cases (3 benign and 1 malignant). Anti-thyroid peroxidase antibodies (TPOAb), anti-thyroglobulin antibodies (TgAb), and calcitonin (hCT) were not available for all the patients (Table 2) . hCT resulted abnormal in 2/28 cases (both diagnosed as papillary thyroid cancer), while it was normal in the remaining 26/28 cases (including the patient with medullary thyroid cancer). Table S1 summarizes conventional PET parameters and textural features tabulated according to FNA categories and final diagnosis. Compacity (shape and size-based) was the only feature statistically significant to differentiate the TIR categories (p = 0.03). SUV max and skewness were significantly different in benign and malignant nodules (p = 0.01 and =0.02, respectively). Table 4 summarizes the 7 final features identified as potential predictors (SUVstd, SUVmax, MTV, TLG, Skewness, Kurtosis, Correlation GLCM ) with their mean values, the AUC, the best threshold for the dichotomization of the cohort and the final p value. Figure 3 shows the box-plots of the 7 final features stratified for the two subgroups in the cohort. Figure 4 shows the ROC curves (together with the reference 50% AUC line) for the volume and the texture related features. Among the potential predictors a mutual correlation was found between SUV std and SUV max (0.967), TLG and MTV (0.970), as well as skewness and kurtosis (0.830), as shown in Table 5 . None of the features which presented a mutual correlation were excluded from further analysis. Table 6 summarizes the predictors and their power in the identification of the negative or positive subgroups in the cohort. SUV std and SUV max showed the highest specificity while MTV, TLG, skewness and kurtosis, as well as correlation GLCM resulted better in sensitivity.
The average positive predictive value of the 7 features resulted 54% while the average negative predictive value 85%.
Discussion
The current study, although in a limited number of patients, showed that PET-derived metrics could be used to characterize incidentalomas. Both SUV max (conventional parameter) and skewness (histogram-based feature) differed significantly in benign and malignant thyroid nodules. In our cohort, we report prevalence of thyroid incidentaloma in line with literature data (2.6% versus 1.2-4.3%) (Rigo et al. 1996; Mitchell and Parangi 2005; Liu et al. 2010) , with a low rate (i.e., < 55% (Gavriel et al. 2015) ) of additional workup (ultrasound and cytology available in 19% and 12% of subjects, respectively), but a relatively high rate of malignancy (36%).
Our results confirmed data reporting that malignant nodules had higher [ 18 F]FDG uptake (SUV max ) than those resulted benign (Gavriel et al. 2015; Demir et al. 2016; Chun et al. 2015; Kim and Chang 2015) . However, although SUV max is the conventional AUC area under curve, MTV metabolic tumor volume, TLG total lesion glycolysis, GLCM gray-level co-occurrence matrix, SUV standardized uptake valu PET parameter most used in clinical practice, there are several sources of bias and variability including patients' status (e.g., blood glucose level, impaired renal function), that affect its measurement (Kinahan and Fletcher 2010; Huang 2000) . Radiomics is a post-processing approach correlating image texture parameters to clinical, genetic and prognostic variables, and it is applicable to all types of images. Time for texture processing varies among software used for both images segmentation and features extraction. In this series of patients we spent few minutes from thyroid nodule segmentation (about 3 min/patient including also time to retrieve and download images) to features extraction (about 2 min/patient depending on ROI volume). Once texture analysis tool will be implemented in the workstation used for clinical purpose, texture features extraction will be faster as it is currently for conventional parameters. CT incidentaloma (Kim and Chang 2015) . The global tumor heterogeneity may be described by using first order histogram-based features; the second-order GLCMfeatures that quantify local heterogeneity at the scale of a voxel; the features derived from high-order which quantify regional heterogeneity based on the neighborhood, the respective sizes and intensities of groups of voxels (Sollini et al. 2017) . In the present work these parameters have been tested. In our series of patients, skewness was the only textural feature which showed a trend to differentiate benign from malignant nodules. Skewness, measuring the asymmetry of the probability distribution of intensity values about its mean, provides information about lesion heterogeneity. Considering the predictors selected in our population, SUV max resulted in the highest specificity (81% versus 66%, 69%, and 31%) while TLG, skewness, as well as correlation GLCM resulted better in sensitivity (100% versus 50% for SUV max and 72% for both TLG and skewness). Therefore, based on its high negative predictive value, correlation GLCM could be used to rule out a diagnosis of a malignant nodule, although its low specificity. [
18 F]FDG uptake distribution has been associated with underlying physiopathological characteristics such as vascularization, perfusion, tumor aggressiveness, necrosis, hypoxia and gene expression (Tixier et al. 2014; Basu et al. 2011; Kunkel et al. 2003) . Therefore, it The parameters derived from routinely performed PET images may impact on clinical practice. In fact, up to 20% of FNA samples fall into category of insufficient/inadequate cytology, and approximately 15% to 30% of thyroid FNAs fall in an interpretive gray zone, in which the probability of malignancy is considered too high for watchful waiting but insufficient to propose a total thyroidectomy (Wise and Howard 2016; Bongiovanni et al. 2012; Cibas and Ali 2009; Nishino 2016) . Aspirates in the "follicular neoplasm/ suspicious for a follicular neoplasm" category (category TIR3B according to the update version of the SIAPEC-IAP (Nardi et al. 2014) ) are typically associated with a 15%-30% risk of malignancy, therefore patients are generally referred for diagnostic thyroid lobectomy. Repeat FNA is the usual management for aspirates in the category of "atypia of undetermined significance/follicular lesion of undetermined significance" (TIR3A according to the update version of the SIAPEC-IAP (Nardi et al. 2014 )) due to a 5%-15% risk of malignancy, with diagnostic lobectomy considered for nodules with repeatedly indeterminate FNA cytology (Nishino 2016) . Therefore, the possibility to identify thyroid nodule with a high risk of malignancy, using texture analysis of conventional imaging on which the incidentaloma has been discovered, would have a great impact in clinical practice, determining better selection of patients proposed for FNA and guide patient management. The 2015 American Thyroid Association Management Guidelines (Haugen et al. 2016) (Pitman et al. 2008) . Therefore, the chance to identify through texture analysis patients who can benefit from additional workup for thyroid incidentaloma, could result in fewer FNA procedures and possibly fewer diagnostic thyroid lobectomies, decreasing consequently the cost for the healthcare system, and improving patients' quality of life. The present study has some limitations. Firstly, it is retrospective and evaluated a limited number of patients. In fact, only a small percentage of patients performed FNA and had a final diagnosis (12% and 11%, respectively) among all those for whom a focal [ 18 F]FDG uptake was described in the PET/CT report. This is partly related to the fact that in our institution sonographers have a high expertise, thus cytological examinations are reserved only to patients presenting doubtful or suspected ultrasound findings; secondly to the fact that many patients who performed a PET/CT scan in our hospital were followed-up in other institutions. Therefore, we limited the analysis only to patients who performed the additional workup (i.e., ultrasound, FNA and histology) in our center. Conventional parameters and textural features were not tested within malignant nodules to differentiate thyroid cancer from other malignancies due to the disproportion of sample size in the two subsets of patients. Some features, including shape and size, GLCM, GLZLM, NGLDM, and GLRLM-based metrics, were available for approximately a half of cases, potentially underestimating the potentiality of this
